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Abstract: We report multimodal imaging of human oral cavity in vivo
based on simultaneous wide-field reflectance/fluorescence imaging and
polarization-sensitive optical coherence tomography (PS-OCT) with a
forward-viewing imaging probe. Wide-field reflectance/fluorescence
imaging and PS-OCT were to provide both morphological and fluorescence
information on the surface, and structural and birefringent information
below the surface respectively. The forward-viewing probe was designed to
access the oral cavity through the mouth with dimensions of approximately
10 mm in diameter and 180 mm in length. The probe had field of view
(FOV) of approximately 5.5 mm in diameter, and adjustable depth of field
(DOF) from 2 mm to 10 mm by controlling numerical aperture (NA) in the
detection path. This adjustable DOF was to accommodate both
requirements for image-based guiding with high DOF and high-resolution,
high-sensitivity imaging with low DOF. This multimodal imaging system
was characterized by using a tissue phantom and a mouse model in vivo,
and was applied to human oral cavity. Information of surface morphology
and vasculature, and under-surface layered structure and birefringence of
the oral cavity tissues was obtained. These results showed feasibility of this
multimodal imaging system as a tool for studying oral cavity lesions in
clinical applications.
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1. Introduction

Oral cavity lesions are becoming a significant health problem, which is further heighten due
to personal habits [1]. Recent studies and statistical analysis showed that oral cancer is among
top 10 most common diseases, and its incidence count and death rate are continuously
increasing. Due to difficulty in the treatment of progressed cancer, early stage detection is
crucial. Diagnostic methods of oral cancer included visual examination, biopsy, ultrasound
backscatter microscopy (UBM) [2], cytology [3, 4], CT and MRI [5]. In addition, various
optical imaging methods have been developed for the diagnosis and detection of oral cancer
[6], with features of non- or minimal invasiveness, high resolution, high speed, molecular
contrast, and relatively low cost. Available methods include spectroscopy [7, 8],
autofluorescence imaging (AFI) and fluorescence lifetime imaging microscopy (FLIM) [9—
12], fluorescent agent based imaging [13], optical coherence tomography (OCT) [14, 15].

Wide-field AFI is a highly sensitive imaging technique used for initial diagnosis of oral
diseases [16, 17]. Using UV or blue light, wide-field AFI has potentials for detecting oral
dysplasia, carcinoma in situ, and cancer based on the reduced fluorescence intensity [18].
However AFI has showed poor specificity because of confounding benign conditions
including inflammation [19, 20]. AFI is also susceptible to thickness variation of the oral
cavity layers such as the epithelium and lamina propria.

As a complementary imaging technique, OCT can provide information of under-surface
tissue structure, microstructure, and vasculature non-invasively down to a few millimeter
deep from the surface [21-23]. Feasibility of OCT as a diagnostic tool has been demonstrated
in various pre-clinical animal [24, 25] and human [14, 26-30] oral cavity studies.
Computational methods for automated OCT image analysis and classification [31],
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quantitative assessment [28, 32] have been developed to aid diagnosis of oral cavity lesions.
Polarization-sensitive OCT (PS-OCT) is an augmented OCT providing information of both
structure and birefringence [33, 34]. PS-OCT is beneficial for birefringent tissues including
the skin [35, 36], eye [37], vocal fold [38], coronary artery [39, 40], and oral cavity [41],
because it provides additional contrast to distinguish lesions from normal tissues. PS-OCT of
the oral cavity was demonstrated in a hamster cheek pouch cancer model [41]. The cancerous
lesion was clearly distinguished from the surrounding normal tissue based on birefringence.
Although PS-OCT has been applied to various pre-clinical and clinical studies, it has not been
used much in the oral cavity.

Although OCT and PS-OCT have many advantages in visualizing microstructure,
vasculature, and birefringence of tissue, they do not have molecular specificity. Fluorescence
based imaging is a simple and effective way to achieve molecular specificities by using either
intrinsic fluorescent molecules or extrinsic fluorescent agents. It can highlight various
features within tissues such as the blood vessels, lymph nodes, and nerves which might be
difficult to differentiate from surrounding in conventional white light examination [42—44].
For lesion detection, various fluorescent markers have been developed targeting specific
receptors or enzymes that are abundant in lesions [44—49].

Multimodal approaches combining modalities of different contrast mechanisms may
improve sensitivity and specificity by providing complementary information. Combinations
of OCT and fluorescence imaging techniques have been developed and applied to various
tissues such as the coronary artery [50, 51], colon [52-55], bladder [56], lung [57] and oral
cavity [11, 58]. Other multimodal approaches for oral cavity detection include combinations
of FLIM and reflectance confocal microscopy (RCM) [59], white light imaging and
autofluorescence imaging [60], FLIM, UBM, and photoacoustic imaging (PAI) [61], and
OCT and RCM [62].

In this paper, we developed a multimodal endoscopic imaging system by combining wide-
field reflectance/fluorescence imaging and PS-OCT for human oral cavity in vivo. Wide-field
reflectance/fluorescence imaging was to provide information of tissue surface based on
reflectance and fluorescence, and PS-OCT was to provide information of under-surface
structure and birefringence. A forward-viewing probe was designed to access the oral cavity
through the mouth. Wide-field imaging was designed to have adjustable depth of focus (DOF)
for being used as both image guiding and high-sensitivity imaging. Design and
implementation of the multimodal imaging system was described. This multimodal method
was characterized by imaging a tissue phantom and a mouse model, and applied to human
oral cavity in vivo as a demonstration.

2. Materials and methods
2.1 Instrumentation

A schematic and a photograph of the multimodal imaging system are shown in Fig. 1. The
multimodal system had an imaging probe of approximately 10 mm in diameter and 180 mm
in length at its distal end for simultaneous wide-field reflectance/fluorescence imaging and
PS-OCT through the mouth. As the wide-field reflectance/fluorescence imaging setup, a
mercury lamp (Illuminator for IX71 microscope, Olympus) was used as the light source. A
long-pass filter, which transmitted longer wavelength than 400 nm (FEL0400, Thorlabs), was
installed in front of the lamp to block UV light. An additional excitation filter was added for
fluorescence imaging. Light from the lamp was coupled into a liquid light guide (LLG0538-4,
Thorlabs), and relayed to a bundle of plastic optical fibers (plastic optical fiber, PGR FB750,
Toray industries). These fibers were glued together at one end for light coupling from the
liquid guide, and were wrapped around the outer surface of the imaging probe at the other end
for sample illumination. The liquid light guide was 5 mm in diameter and 1200 mm in length,
and the plastic optical fiber bundle consisted of 49 fibers with 750 pm in diameter (0.5 NA).
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Fluorescent light or reflected light from the sample was collected by the imaging probe. The
imaging probe had three lenses (L1-L3) inside, and an optical window at its distal end for
sealing. The optical window was slanted at 8° tilting angle with respect to normal to reduce
back reflection. Fluorescent or reflected light from the sample passed through those lenses in
the imaging probe, a dichroic mirror (DM, 1025dcspxr, Chroma), an emission filter, and
finally focused by a lens (L4) on a charge coupled device (CCD) camera (12-bit QIClick
digital camera, QImaging). Those lenses (L1-L3) in the imaging probe were 9 mm in
diameter with 40 mm in focal length, and the lens (L4) was 25 mm in diameter with 40 mm in
focal length. All of those lenses were positioned in 4-f configuration to relay light from the
sample to the camera with 1:1.8 magnification. The dichroic mirror transmitted visible light
and reflected OCT light of 1300 nm in wavelength. The emission filter between DM and L4
was designed to be removable for easy switching between reflectance and fluorescence
modes. A diaphragm (SM1D12SZ, Thorlab) was placed to control detection NA for DOF
adjustment [63].

A custom PS-OCT system based on passive delay unit (PDU) [64, 65] was used in this
study. In short, the system used a wavelength swept-source (SSOCT-1310, AXSUN
Technologies), which had its center wavelength of 1310 nm, bandwidth of 107 nm, sweeping
speed of 50 KHz. This PS-OCT method took advantages of a long coherence length of the
source which was 6 mm in the air. PDU consisting of a polarizer, a polarizing beam splitter,
and two delay lines was used to generate two orthogonal polarization states with optical path-
length difference of 2.25 mm in the air. The two polarization states illuminated the sample,
their reflection was detected simultaneously in the single image. Light from the source was
split with a 95:5 ratio: 95% of light went to the interferometry setup for OCT, and 5% went to
a fiber Bragg grating (FBG) to generate an external trigger signal for data acquisition. In the
interferometer, light was split into the reference and sample arms with a 20:80 ratio
respectively by a fiber coupler. Light in the sample arm first passed through a PDU, and then
was delivered by an optical fiber, collimated to 1.8 mm in diameter with a fiber collimator
(HPUCO-13A-1300/1550-S-11AS, OZ optics). The illumination beam was reflected on a
mirror and galvanometric x-y scanner (GVS002, Thorlabs), relayed by the pair of a scan lens
(SL) and a tube lens (TL), reflected on the dichroic mirror, relayed by the lenses in the tube,
and then focused on to the sample with effective numerical aperture (NA) of 0.0225. The
focal plane was approximately 23 mm away from the imaging probe. Scattered light from the
sample was collected by L1, traced back in the same path as the illumination beam to the fiber
collimator, and sent to the detection arm of OCT setup. Reflected light from the sample was
combined with light from the reference arms at the detection arm, and interference signals
were collected by two balanced photodetectors (PDB410C, Thorlabs) in the polarization
diverse detection setup. Data was post-processed to get both intensity and PS images.
Dispersion difference between the reference and sample arms was compensated numerically
by using pre-calibration data of a mirror sample. The signal-to-noise ratio of our system is
103 dB. PS-OCT images were taken with the lateral scan over 5 mm x 5 mm which
corresponding to 500 pixels x 500 pixels, imaging time was 6 seconds for each volume scan.
Simultaneous sample probing with two polarization states enabled determination of the depth-
resolved Jones matrices of the sample. Polarization properties of the sample were obtained by
analyzing the sample Jones matrices through eigenvector decomposition [41, 66].

The multimodal imaging probe was built on a breadboard, which was mounted on an
articulated arm (ET arm-B3, Aceluxe) for flexible positioning as shown in Fig. 1(b). Both the
position and angle of the probe could be easily adjusted during imaging. The entire
multimodal system was built on a portable cart providing movement which can be essential
for uses in clinical trials.
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Fig. 1. (a) Schematic of the multimodal imaging probe. DM: dichroic mirror, L1-L4: lenses,
M: mirror, SL: scan lens, TL: tube lens, LP: long pass filter, EX: excitation filter, EM:
emission filter, DP: diaphragm, LLG: liquid light guide, FB: optical fiber bundle. Excitation
and emission beams were depicted in blue and green respectively, and OCT beam was
depicted in orange. (b) Photograph of the multimodal imaging probe mounted on an articulated
arm.

2.2 Sample preparation and experiment procedure

A tissue phantom made of yellow-green fluorescent microspheres (Fluosphere 505/515, 10
pm in diameter, Invitrogen) embedded in 2% agarose gel was used to characterize the
multimodal imaging system. For the characterization with an animal model, a Balb/C mouse
was used. The mouse was obtained from the Jackson Laboratory, and bred at the animal
facility of POSTECH Biotech Center (PBC). Fluorescein isothiocyanate (FITC)-dextran
conjugates (500 pg in 100 pl PBS, Sigma) in 150 pl was injected at the tail vein for the
visualization of vasculature. After 5 min of injection, the mouse was anesthetized with
isoflurane gas, and the ear was attached on the slide glass to be flat by using double-sided
tape for imaging. Wide-field reflectance/fluorescence imaging were performed by using a
combination of excitation and emission filters. Two bandpass filters (ET455/50 and
ET525/50, Chroma) were used as the excitation and emission filters respectively for
fluorescence imaging of fluorescent microsphere and mouse ear samples. A bandpass filter
having 50 nm bandwidth around 525 nm (ET525/50, Chroma) was used to do reflectance
imaging of human oral cavity tissues. Wide-field reflectance/fluorescence and OCT images
were displayed on computer screens in real-time and acquired simultaneously.

2.3. Characterization

Performance of the multimodal imaging system was characterized by imaging the fluorescent
microsphere sample and the results are shown in Fig. 2. A wide-field reflectance image (Fig.
2(a), a wide-field fluorescence image (2(b)), and a zoomed fluorescence image (2(c)) in the x-
y plane, and an OCT image (2(d)) in the x-z plane are shown respectively. The power at the
sample and exposure time for wide-field reflectance and fluorescence imaging was 10.6 mW /
30 ms and 10.2 mW / 4 s respectively. Reflectance image showed microsphere distribution
with high background which might be due to reflection from the sample surface. On the other
hand, fluorescence image showed individual microspheres clearly with much less
background. In zoomed fluorescence image of the boxed region in Fig. 2(b), individual
microspheres were resolved indicating the image resolution comparable with the microsphere
size which was 10 pm in diameter. To characterize the effective field of view (FOV), full
width at half maximum intensity (FWHM) of the illumination field was quantified by using a
reflection target and it was approximately 5.5 mm and 6.1 mm in the x and y axes
respectively. The spatial resolution of wide-field reflectance and fluorescence was calculated
based on the edge-spread function and point spread function using a sharp edge specimen and
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6 pm fluorescent microspheres. The spatial resolution of wide-field reflectance and
fluorescence were approximately 13 pm and 15.7 pum, respectively. Although theoretical
lateral resolution based on maximum NA of 0.075 and wavelength of 525 nm was calculated
to be 3.75 um, and the minimal resolvable size by the CCD camera was 12.9 pm in the
sample in consideration of the CCD pixel size of 6.45 pm and magnification of 1x. Therefore,
the theoretical resolution was limited by pixelation of the CCD camera in the current
configuration.

For OCT imaging 6.8 mW at the focal plane was used. OCT cross-sectional image
visualized microsphere distribution in the x-z plane. OCT intensity image displayed the
logarithmic intensity in a gray scale where white and black indicated the lowest and highest
intensities respectively. Microspheres appeared in both fluorescence and OCT images since
they emitted fluorescence light and scattered illumination light. 3D volumetric OCT images
were obtained by acquiring multiple cross-sectional images in the x-z plane with stepwise
increments in the y direction. Each 2D OCT images had 500 x 500 pixels in the x-y plane,
composing a 3D volumetric OCT image of 5.5 mm x 5.5 mm x 3.3 mm in size. FOV was
approximately 5.5 mm in diameter, and depth of focus (DOF) was 2.1 mm in the tissue.
Acquisition time was approximately 5 seconds per 3D volume. For PS-OCT imaging the
spatial resolution was measured by imaging the microspheres and a mirror. Full width half
maximum (FWHM) intensity was calculated as 15 pm and 12.5 um in the lateral and axial
directions in the air, respectively.

Fig. 2. Multimodal images of fluorescent microspheres: (a) wide-field reflectance image, b)
wide-field fluorescence image, (c) zoomed fluorescence image of boxed region in Fig. 2(b) d)
cross-sectional OCT image.

DOF of wide-field imaging was measured as a function of detection NA and results are
shown in Fig. 3. DOF was measured by using a DOF target (#54-440, Edmund Optics) which
had a black-white pattern with 15 lines/mm on its surface slanted by 45° from the horizontal
surface. Detection NA was varied from 0.075 to 0.0125 by controlling the diaphragm
aperture. Images of the DOF target with different NAs of 0.075, 0.0625, and 0.0125, and
measured DOF as a function of detection NA are shown in Fig. 3(a)-3(c) and 3(d)
respectively. DOF target images showed increase of DOF with detection NA decrease. DOF
was measured by counting number of visible patterns in DOF images. Measured DOF was
compared with theoretical DOF based on Rayleigh range in Fig. 3(d). Although measured
DOF followed the trend of theoretical DOF, there was some offset between them. Adjustable
DOF range in the current configuration was from 1 mm to 10 mm.
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Fig. 3. Measurement of DOF of the wide-field imaging with detection NA. (a — ¢) DOF change
image at different NA setting, 0.075, 0.0625 and 0.0125, respectively (d) relation between
measured DOF and NA”,

3. Results
3.1 Mouse ear in vivo

The multimodal imaging probe was applied to the mouse ear in vivo, and results are shown in
Fig. 4. Wide-field reflectance/fluorescence images and an OCT cross-sectional image are
shown in Fig. 4(a), 4(b), 4(c), and 4(d), respectively. Reflectance image, acquired with white
light illumination, showed relatively large blood vessels in red color due to strong light
absorption by hemoglobin. Fluorescence image showed the blood vessels more clearly based
on FITC-dextran fluorescence. Boxed region in Fig. 4(b) was magnified and shown in Fig.
4(c). The magnified fluorescence image clearly visualized small blood vessels branching out
from big vessels close to the surface. Fluorescence image using FITC-dextran was to show
the feasibility of in vivo tissue imaging. OCT cross-sectional image visualized
microstructures of the entire ear thickness which was approximately 300 pm. The epidermis
and dermis on both sides of the skin and the cartilage in the middle, were shown.

Fig. 4. Images of mouse ear taken by the multimodal imaging probe. (a) Reflectance image, (b)
fluorescence image, (c) magnified fluorescence image of the boxed region in (b), (d) OCT
cross-sectional image (Media 1).
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3.2 Human oral cavity in vivo

The multimodal imaging system was applied to two different regions of oral cavity of a
human volunteer. Images of the tongue and buccal mucosa are shown in Fig. 5 and 6,
respectively. A wide-field reflectance image, en face OCT image and PS-OCT images of the
tongue are shown in Fig. 5(a), 5(b) and 5(c), 5(d), respectively. Wide-field reflectance and en
face OCT image showed small, rounded nipples, called lingual papillae distributed on the
surface of dorsum of tongue in Fig. 5(a) and 5(b). The cross-sectional OCT intensity image of
the white dashed line in Fig. 5(b) showed rough tongue surface due to the distribution of
papillae (red arrow in Fig. 5(c)), and relative homogeneous under-surface structures. PS
image of the tongue showed changes in the gray scale from black to white with depth. PS
image displayed the accumulated phase retardation with depth from the tissue surface in a
gray scale where black and white colors corresponded to 0° and 180° phase retardations
respectively. Further accumulation of phase retardation wraps back around to a black color
[67]. Changes in the gray scale with depth in the PS image of the tongue indicated changes in
the phase retardation, and therefore the presence of birefringence. Birefringence was
characterized by estimating the slope of the accumulated phase retardation with depth in the
PS image.

-

Fig. 5. Multimodal images of human tongue. (a) Wide-field reflectance image, (b) en face
OCT image, (c, d) Cross-sectional OCT intensity and PS images respectively. Red arrows in
(c) indicate lingual papillae spread across the surface of tongue. (Media 2).

A wide-field reflectance image and PS-OCT images of human buccal mucosa are shown
in Fig. 6(a) and 6(b), 6(c), respectively. Wide-field reflectance image showed vasculature in
the superficial mucosa in negative contrast due to light absorption as shown in Fig. 6(a). OCT
intensity image showed layered structures of the mucosa such as the oral epithelium (EP),
lamina propria (LP), submucosa (SM). EP consisting of the epithelial cells had lower
intensity compared to LP consisting of collagen, and SM was also distinguished based on
intensity difference. PS image showed color changes with depth from the surface. EP
remained black indicating no birefringence, and both LP and SM showed color changes from
black to white and then to black indicating birefringence. LP and SM are known to be
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birefringent due to collagen composition and highly ordered arrangement of muscle,
respectively.

Fig. 6. Multimodal image of human buccal mucosa. (a) wide-field reflectance image, (b, c)
Cross-sectional OCT intensity and PS image. EP: epithelium, LP: lamina propria, SM:
submucosa, M: muscle (red arrow indicates blood vessels) (Media 3).

4. Discussions

The multimodal imaging system based on wide-field reflectance/fluorescence imaging and
PS-OCT was developed, and applied to human oral cavity in vivo using the forward-viewing
probe. This multimodal method provided information of morphology, vasculature of
superficial region of the oral cavity and information of layered structure, birefringence down
to a few millimeters from the surface. Wide-field imaging helped to find the region of interest
of the sample based on light reflection. Vasculatures are detected with negative contrast due
to optical scattering and absorption in blood. With PS-OCT, not only 3D structures of
composing layers but also birefringence structures of the tissue could be imaged. Intensity
OCT image revealed constituting layers of buccal mucosa, such as epithelium, lamina
propria, and submucosa. The muscle layer inside tissue have strong birefringent property,
which is presented in black and white banding pattern in PS image.

Implementation of the adjustable diaphragm, providing DOF from 2 mm to 10 mm, can be
advantageous in practical situations. With high DOF, image guiding or screening can be
performed, whereas low DOF allows detailed imaging with high-resolution/high-sensitivity.
Measured DOFs as a function of detection NAs showed relatively good tendency with
theoretical DOF. However there was a slight offset in practice, since resolvable distance
between each line of DOF target was over measured. Also, the imperfect adjustment of
diaphragm might have affected the offset.

Current multimodal imaging system still has a number of rooms to improve. The current
configuration of wide-field reflectance/fluorescence was not able to do autofluorescence
imaging (AFI), which has been used for initial oral cavity screening in the clinic, simply
because the CCD camera used was not sensitive enough to detect autofluorescence. The
current CCD camera was a color camera which was good for wide-field reflectance imaging
and also feasible for fluorescence imaging with exogenous fluorescent probes. A system
upgrade in the camera would be required for the simultaneous AFI and PS-OCT. In order to
secure large FOV of approximately 6 mm in diameter, the current imaging probe has an
approximate diameter of 10 mm with the use of 9 mm diameter lenses. The size of the
imaging probe can be reduced for applications that require smaller FOV. Illumination for
wide-field reflectance/fluorescence imaging was not uniform throughout the FOV: stronger in
the middle and dimmer in the periphery (noticeable in Fig. 5(a) and Fig. 6(a)). Redesigning
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the end of the illumination fiber could improve mentioned limitation. There was some surface
reflection in human oral cavity imaging, the use of cross-polarizers in the illumination and
detection paths could minimize such surface reflectance. In the present configuration, filters
were manual changed to switch between the wide-field reflectance and fluorescence imaging.
Motorized filter wheels will be implemented for automatic switching between the two modes.
In the acquired 3D PS-OCT images an artifact, possibly risen from either contamination of
optics or the surface reflection of the lens, appeared in the image. In the future, replacement
of the contaminated lens series could reduce the artifacts shown in PS-OCT images.
Furthermore, current multimodal imaging probe can be improved by incorporating 3D
fluorescence imaging techniques such as laminar optical tomography (LOT) [68]. Other OCT
techniques such as angiographic OCT can be added to provide more contrast in current OCT
to identify abnormal lesions.
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